INTRODUCTION
============

Perovskite solar cells (PSCs) have attracted intense research interest because of their unique properties including an outstanding power conversion efficiency (PCE), tunable bandgap, low cost, and large-scale processability. In the past decade, the PSC field has witnessed a marked increase in PCE from \~3 to 23.7% ([@R1]--[@R5]). However, for large-scale practical deployment, long-term operational stability of PSCs under outdoor conditions needs to be achieved ([@R6]--[@R10]). To this end, various approaches have been used ([@R11]--[@R14]). Two-dimensional (2D) perovskites receive increasing attention as they show stronger resistance toward moisture and heat compared with their 3D analogs ([@R15]--[@R17]). However, because of their anisotropic charge transport properties, the PCE of pure 2D PSCs has remained below 14% ([@R18], [@R19]). To marry the desired features of 2D perovskites with the excellent light-harvesting properties of 3D PSCs, the concept of embedding low-dimensional perovskites into a 3D perovskite matrix was introduced, resulting in PCEs up to 21.06% ([@R15], [@R20]--[@R22]). The challenge remains to retain PCEs comparable to 3D PSCs yet achieving high photovoltaic operational stability under ambient air conditions. Ideally, this goal could be realized by achieving a precise control over the deposition of a hydrophobic, uniform, and conformal 2D layer on top of a 3D perovskite film. Because of mitigated dispersion forces related to the high electronegativity of fluorine (F), fluorinated compounds are normally hydrophobic and hardly wetted by water. Mitzi and colleagues ([@R23], [@R24]) first prepared fluorinated tin perovskites, while lead analogs were first reported by Deleporte and colleagues ([@R25]). Mathews and colleagues ([@R26]) and Bi *et al*. ([@R27]) used partially fluorinated aliphatic amines for interfacial defect passivation of PSCs, while Grancini and colleagues ([@R28], [@R29]) explored fluorous aliphatic spacer groups within 2D perovskite materials reaching PCE up to 20% without hysteresis correction and scan speed--independent maximum power point (MPP) confirmation. Here, we demonstrate the fabrication of highly efficient bilayer 3D/2D PSCs with exceptional moisture stability by depositing pentafluorophenylethylammonium (FEA) lead iodide \[(FEA)~2~PbI~4~\], an ultrahydrophobic 2D perovskite material, onto the 3D perovskite films. Apart from inhibiting exposure of the 3D perovskite to moisture, the perfluorinated benzene unit was introduced to fashion the electronic properties of the aromatic core, facilitating hole extraction while inhibiting interlayer ion migration.

RESULTS
=======

Morphological and elemental analysis of 3D/2D perovskite bilayer
----------------------------------------------------------------

We obtain the desired architecture by immersing the 3D perovskite into a 30 mM solution of FEA iodide (FEAI) in isopropanol (IPA) followed by annealing at 120°C for 10 min. A representative scheme of our procedure and structures of the 3D and 2D perovskites is shown in [Fig. 1 (A to C)](#F1){ref-type="fig"}, respectively. The ultraviolet-visible (UV-vis) absorption spectra (fig. S1) show that the FEAI treatment does not affect the absorption of the perovskite films. The top-view scanning electron microscopy (SEM) images ([Fig. 1, E and F](#F1){ref-type="fig"}) show that the FEAI treatment minimally affects the film morphology as both films are composed of perovskite domain structures with grain dimensions of \~1 μm. However, the surface texture of the 3D perovskite layer treated with FEAI appears different, presumably indicating the formation of an overlayer. Because of the strong interaction of the ammonium iodide with the lead iodide ([@R30]), FEAI can be adsorbed on the surface and grain boundaries of the 3D perovskite films by replacing A cations or inserting into A cation vacancies. To probe the vertical and lateral distributions of FEA^+^ in the perovskite films, we explored elemental analysis--based techniques including x-ray photoelectron spectroscopy (XPS) depth profiling and energy-dispersive x-ray spectroscopy (EDS), respectively. As shown in [Fig. 1D](#F1){ref-type="fig"}, the XPS depth profiling of fluorine (F) establishes the presence of FEA^+^ in the top \~9-nm-thin layer, whereas the EDS mapping confirms the conformal and uniform distribution of FEA^+^ over the 3D perovskite layer (fig. S2). The XPS analysis also shows the gradual increase in the signals corresponding to Pb and I, confirming the presence of the 3D perovskite layer underneath (fig. S2).

![Experimental strategy and elemental and morphological analysis of 3D/2D perovskite bilayer.\
(**A**) Schematic illustration of the 2D treatment of 3D perovskite to form the 3D/2D bilayer perovskite with the structural representation of the FEA^+^ cation and the corresponding optimized geometry \[density functional theory (DFT) calculation on B3LYP/6-31G(d) level of theory\]. (**B** and **C**) Structures of pure 3D perovskite and pure 2D perovskite, respectively. (**D**) Fluorine XPS in-depth profiling of a 3D/2D bilayer perovskite. (**E** and **F**) SEM images of a pure 3D and an FEAI-treated 3D/2D perovskite film, respectively. Scale bars, 1000 nm.](aaw2543-F1){#F1}

Structural characterization of 3D/2D perovskite bilayer
-------------------------------------------------------

To study the structure of the thin layer containing FEA^+^ supported onto the 3D perovskite film, we acquired x-ray reflectivity (XRR; by which we mean specular data, i.e., the out-of-plane structure) and grazing incidence x-ray diffraction (GIXD; i.e., the in-plane structure) patterns from neat and FEAI-treated 3D perovskite substrates ([Fig. 2, A and B](#F2){ref-type="fig"}). As a reference, a pure 2D perovskite film with the composition (FEA)~2~PbI~4~ was characterized. This film shows three series of Bragg reflections in the XRR data ([Fig. 2A](#F2){ref-type="fig"}) with different out-of-plane lattice spacings *d* presumably belonging to three different structures and denoted by 2D-α (*d*~α~ = 17.6 Å), 2D-β (*d*~β~ = 20.3 Å), and 2D-γ (*d*~γ~ = 22.3 Å). The 2D-γ structure exhibits by far the most intense Bragg reflections, being several orders of magnitude more intense than the other two structures, and it is therefore likely the most abundant structure. The XRR and GIXD of the pure 3D perovskite exhibit reflections corresponding to the cubic 3D perovskite phase. After FEAI treatment, Bragg reflections corresponding to the 3D perovskite remain unaffected. In addition, weak reflections of the 2D-β and 2D-γ structures appear in the XRR and GIXD. The XRR pattern of the FEAI-treated 3D perovskite film is a superposition of reflections corresponding to the pure 2D and 3D perovskite systems, corroborating the successful formation of 3D/2D architecture. Because no additional reflections are observed in the XRR and GIXD patterns of the 3D/2D system, the formation of a modified unit cell can be ruled out. The crystal quality of the 3D perovskite structure, determined by peak width and intensity from the GIXD patterns ([Fig. 2B](#F2){ref-type="fig"}), is not affected in the mixture; however, the 2D crystal growth is notably altered in the 3D/2D sample compared with the pure 2D material. Estimated from the XRR peak width, the 2D-γ structure has a thickness of \~8 nm, consistent with XPS depth profiling.

![Structural and spectroscopic characterization of 3D/2D perovskite bilayer.\
Structural characterizations of perovskite films. (**A**) XRR data of pure 2D, 3D, and 3D/2D perovskite films. a.u., arbitrary unit. (**B**) GIXD data of pure 2D, 3D, and 3D/2D perovskite films. The angle of incidence is 0.14°, which is slightly above the critical angle at the used x-ray energy (22 keV). (**C** to **E**) GIWAXS data of 3D, 3D/2D, and pure 2D perovskite films (angle of incidence = 0.1°). Green and orange circles denote the 2D-β and 2D-γ structures, respectively. (**F**) Radially integrated intensity of GIWAXS data at two different angles of incidences to change between bulk (0.2°) and surface (0.1°) sensitivity. (**G**) TRPL decay traces recorded from the 3D and 3D/2D perovskite films.](aaw2543-F2){#F2}

Furthermore, to investigate the preferred orientation of the 2D perovskite grains laminated on the surface of the 3D perovskite, we recorded grazing incidence wide-angle x-ray scattering (GIWAXS; here, we mean the full area-detector data) data from 3D, 3D/2D, and 2D films ([Fig. 2, C to E](#F2){ref-type="fig"}, and fig. S3). [Figure 2F](#F2){ref-type="fig"} shows radial integration of GIWAXS data of 3D and 3D/2D perovskites, each measured at two different angles of incidences, i.e., 0.1° (more surface sensitive) and 0.2° (more bulk sensitive). Both the 3D and 3D/2D materials show identical Bragg reflections and a preferred orientation for the perovskite. The 2D material (2D-γ and 2D-β) in the 3D/2D bilayer is still textured in the out-of-plane direction, however with larger angular distribution (mosaicity). This observation is consistent with the increased peak width observed in GIXD and XRR ([Fig. 2, A and B](#F2){ref-type="fig"}). From the relative Bragg peak intensities dependent on the penetration depth ([Fig. 2F](#F2){ref-type="fig"}), we conclude that the 2D material is located dominantly at the surface of the 3D/2D bilayer, corresponding to approximately four layers of (FEA)~2~PbI~4~ derived from the overall thickness (8 nm) and the out-of-plane lattice spacing. Pure PbI~2~ is present mostly in the bulk but not at the surface. In addition, the amount of the hexagonal polymorph (nonperovskite phase) formed at the surface of the 3D/2D film ([Fig. 2F](#F2){ref-type="fig"}) is substantial reduced in comparison with the 3D material. We conclude from this observation that the nonperovskite phase of FAPbI~3~ is consumed by the formation of the 2D material as described in the equation below

Charge carrier dynamics
-----------------------

The potential of the 3D/2D bilayer architecture is further evaluated by investigating the emission features using steady-state and time-resolved photoluminescence (TRPL) spectroscopy. The intensity of the PL peak corresponding to band-to-band recombination is found to be fivefold higher in the 3D/2D bilayer perovskite than for the pristine 3D perovskite film, confirming the high excitonic quality of the former films (see fig. S4). In the presence of hole-transporting materials (HTMs), the PL of both 3D and 3D/2D perovskite films is strongly quenched. We estimate the PL quenching efficiency to be 92 and 99%, respectively (see fig. S4) ([@R31]), inferring that the 2D layer improves the extraction of holes from the light-harvesting layer. The TRPL ([Fig. 2G](#F2){ref-type="fig"}) shows more than twofold increase in the charge carrier lifetime by applying the 2D surface treatment \[*t*~10~(3D/2D) = 2550 ns and *t*~10~(3D) = 950 ns\], confirming the high optoelectronic quality of the 3D/2D perovskite film and a reduction in nonradiative recombination ([@R32]). The TRPL studies also show that the 3D/2D bilayer perovskite film injects holes into the HTM faster than the pristine 3D perovskite films, implying an improvement of the hole transfer process (fig. S5). This is further in accordance with the close interaction of the 3D/2D perovskite film with the HTM.

Photovoltaic characterization
-----------------------------

Furthermore, we investigated the influence of 2D perovskite layer on the photovoltaic performance of PSCs fabricated using fluorine-doped tin oxide (FTO)/compact TiO~2~ (c-TiO~2~)/mesoporous TiO~2~/perovskite/*N^2^*,*N^2^*,*N*^*2*′^,*N*^*2*′^,*N^7^*,*N^7^*,*N*^*7*′^,*N^7′^*-octakis(4-methoxyphenyl)-9,9′-spirobi\[9*H*-fluorene\]-2,2′,7,7′-tetramine (spiro-OMeTAD)/Au architecture ([Fig. 3A](#F3){ref-type="fig"}). The current density-voltage (*J*-*V*) curves of PSCs were recorded under standard AM 1.5G illumination (100 mW cm^−2^), and the results are summarized in [Table 1](#T1){ref-type="table"}. We obtained efficiency as high as 22.2% for 3D/2D bilayer-based PSCs with an open circuit voltage (*V*~OC~) of 1.096 V, a fill factor (FF) of 78.4%, and a short circuit current (*J*~SC~) of 25.8 mA cm^−2^, which is the highest value reported for a PSC using 2D perovskite layers. Under similar conditions, the reference PSC yielded a PCE of 20.6% with a *V*~OC~ of 1.045 V, an FF of 77.5%, and a *J*~SC~ of 25.5 mA cm^−2^ ([Fig. 3B](#F3){ref-type="fig"}). The photovoltaic metrics in fig. S6 depict the high reproducibility of PCEs in this study. We further ascertained these values by recording scan speed--independent MPP measurement ([Fig. 3B](#F3){ref-type="fig"}) corresponding to PCEs of 20.0 and 22.1% for the 3D reference and the 3D/2D bilayer-based PSCs, respectively. For both systems, outstanding *J*~SC~ up to 25.8 mA cm^−2^ is observed, which is in excellent agreement with the corresponding *J*~SC~ values integrated from the incident photon-to-current efficiency (IPCE) curves ([Fig. 3C](#F3){ref-type="fig"}). However, the 3D/2D bilayer-based PSCs show 50 mV higher photovoltages compared with those yielded by the reference PSCs. Such an enhancement arises from the suppression of nonradiative carrier recombination at the (3D/2D)/HTM perovskite interface reflected by the long-lasting charge carriers in the 3D/2D perovskite layer ([Fig. 2G](#F2){ref-type="fig"} and fig. S4) ([@R33]). In addition, the charge transport resistance, extracted by fitting the high-frequency component of our electrochemical impedance spectrometry (EIS) data, is seen to be substantial reduced over the high-voltage region, i.e., above 0.8 V in the 3D/2D PSC, where the photovoltaic cell has its MPP ([Fig. 3D](#F3){ref-type="fig"} and fig. S7). Because all other contacting layers, e.g., FTO/TiO~2~/perovskite, are applied using exactly the same conditions, the difference in resistance can be assigned to an enhanced charge transport across the perovskite/HTM interface.

![Device architecture, photovoltaic performance, and operational stability of 3D/2D bilayer PSCs.\
(**A**) Cross-sectional SEM of a 3D/2D PSC. (**B**) *I*-*V* curves of a 3D PSC and a 3D/2D PSC, with inset showing MPP tracking. (**C**) IPCE curves of a 3D PSC and a 3D/2D PSC. (**D**) Plot of contact resistance against voltage. (**E**) Ambient atmosphere aging results of a 3D PSC and a 3D/2D PSC, with the relative humidity shown in the inset. (**F** and **G**) Images of water droplets on the surface of 3D/2D and 3D perovskite films at different water loading times.](aaw2543-F3){#F3}

###### Photovoltaic parameters of 3D/2D and 3D PSCs (measured under simulated AM 1.5G solar irradiance at 100 mW cm^−2^).

  **PSC**   ***V*~OC~ (V)**    **FF (%)**    ***J*~SC~ (mA cm^−2^)**   **PCE (%)**     **PCE~MPP~\* (%)**
  --------- ------------------ ------------- ------------------------- --------------- --------------------
  3D/2D     1.096 (1.095)^†^   78.4 (76.9)   25.79 (25.81)             22.16 (21.70)   22.09
  3D        1.045 (1.036)      77.5 (75.1)   25.47(25.47)              20.62 (19.74)   19.97

\*MPP tracking. The efficiencies are recorded after 140-s MPP tracking.

†The brackets indicate the average values of 25 PSC devices.

Operational stability under humid conditions
--------------------------------------------

Last, we assessed the operational stability of the nonencapsulated devices at the MPP under 1 sun irradiation in ambient condition with a prevalent humidity of 40%. After 1000 hours, the 3D/2D bilayer PSC retained 90% of its initial efficiency, while the PCE of the pure 3D PSC dropped to 43% ([Fig. 3E](#F3){ref-type="fig"}). We also demonstrate that the FEA-based 3D/2D PSC exhibits superior stability in the dark in a high relative humidity up to 90% (fig. S8). The excellent moisture resistance of our 3D/2D bilayer-based PSCs is attributed to the ultrahydrophobic character of the perfluorinated 2D perovskite layer, as revealed by contact angle measurements, shown in [Fig. 3 (F and G)](#F3){ref-type="fig"}. Using Neumann's equation (see fig. S9) ([@R34]), we calculated a surface free energy of 24.3 mJ/m^2^ for the 3D/2D perovskite layer, which is lower than 54.7 mJ/m^2^ for the pristine 3D perovskite layer. Notably, the surface free energy of the 3D/2D perovskite ([@R35]) is similar to that of a pure 2D layer (23.6 mJ/m^2^; fig. S9). In addition to the moisture resistance, the presence of the 2D layer was also seen to improve the intrinsic stability of the 3D/2D PSCs. EIS data for voltages greater than 850 mV showed the suppression of pseudo-inductive device behavior (i.e., a negative total capacitance; see fig. S7), which occurs in nonstationary systems and may be related to the ion migration in the perovskite ([@R36]). The suppression of the ion migration in the 3D/2D PSC is believed to be beneficial for the device stability at an elevated temperature (see fig. S10).

DISCUSSION
==========

We have demonstrated successful and well-controlled deposition of an ultrahydrophobic, ultrathin, and highly uniform 2D (FEA)~2~PbI~4~ layer on 3D perovskite layer. The layered (FEA)~2~PbI~4~ structure is based on the fluoroarene spacer cation, namely, FEA, featuring a terminal ammonium group for interaction with the {PbI~4~} layers via hydrogen bonding, which is attached to the perfluorinated benzene core through a flexible ethylene linker. Remarkably, the formation of the (FEA)~2~PbI~4~ 2D layer consumes the nonperovskite phase of FAPbI~3~ present at the surface of 3D perovskite layer, which further brings out the novelty of our approach. In addition, the perfluorinated moiety strongly enhances hydrophobicity, which played a critical role in protecting the perovskite light harvester from ambient moisture. We also surmise that the intrinsic incompatibility between the hydrophilic perovskite and the hydrophobic HTM creates detrimental charge collection losses in the device. Through the incorporation of an ultrahydrophobic 2D perovskite layer between the 3D perovskite and the HTM, we mitigated these losses and improved the hole injection from the conduction band of the perovskite layer into the highest occupied molecular orbital of spiro-OMeTAD, which is also in agreement with the TRPL measurements. In conclusion, our work provides a potential strategy to fabricate efficient PSCs with good operational stability under humid conditions, thus overcoming one of the most challenging problems associated with PSCs, i.e., extrinsic instability.

MATERIALS AND METHODS
=====================

Materials
---------

Lead iodide, cesium iodide, and hydrogen iodide aqueous solutions (57%) were purchased from TCI Co. Ltd. Formamidinium iodide, methyl ammonium iodide, and spiro-OMeTAD were purchased from Dyesol. Ultradry dimethylformamide (DMF), ultradry dimethyl sulfoxide (DMSO), and ultradry chlorobenzene (CB) were purchased from Acros, and dry IPA, 4-*tert*-butyl pyridine, lithium bistrifluorosulfonyl imide (LiTFSI), acetyl acetone, titanium diisopropoxide bis(acetylacetonate), 75 weight % (wt %) in IPA and borane tetrahydrofuran complex solution \[1.0 M in tetrahydrofuran (THF)\], were purchased from Sigma-Aldrich. Pentafluorophenylacetonitrile was purchased from Fluorochem. All the chemicals were used as received without further purification. Conductive glass, FTO (10 ohms/sq), was purchased from Nippon Sheet Glass, and titanium dioxide paste (30 NR-D) was purchased from Dyesol. FEAI was synthesized according to an optimized recipe from a previously reported literature ([@R25]).

Borane tetrahydrofuran complex solution (1.0 M in THF, 5 ml) was added into a solution of pentafluorophenyl acetonitrile (300 mg, 1.45 mmol) in THF (5 ml) dropwise at 0°C under the protection of argon, and the mixed solution was allowed to reflux overnight. After reduction, the resulting amine solution was treated with hydrogen iodide aqueous solution (57%, 1 ml, 7.7 mmol) and stirred at 0°C for 1 hour. The resulting brownish solution was concentrated, and the solvent was removed under reduced pressure. The resulting brown solid was washed with diethyl ether three times to yield a white crystalline final product (420 mg, 73%).

Substrate preparation
---------------------

Nippon Sheet Glass (10 ohms/sq) was consecutively cleaned using 2% Hellmanex aqueous solution, deionized water, acetone, and ethanol by sonicating for 20 min for each solvent. After drying with compressed air, UV-ozone was applied for further cleaning. c-TiO~2~ was deposited on top of FTO using the spray pyrolysis method: The substrates were preheated to 450°C; a precursor solution of titanium diisopropoxide bis(acetylacetonate), 75 wt % in IPA, was diluted with dry ethanol with a volume ratio of 1:9 and with the addition of 4% volume ratio of additional acetyl acetone. After spray pyrolysis, the FTO/TiO~2~ substrate was allowed to heat at 450°C for 30 min before cooling down to room temperature. Mesoscopic TiO~2~ was applied by spin coating a diluted solution of 30 NR-D paste (mass ratio of paste:EtOH = 1:6) at 4000 rpm with an acceleration of 2000 rpm/s. The as-prepared FTO/c-TiO~2~/TiO~2~ paste was then allowed to sinter at 450°C for 1 hour, yielding FTO/c-TiO~2~/mesoscopic TiO~2~, which was then deposited with perovskite freshly.

Perovskite deposition
---------------------

Pure 3D perovskite precursor solution was prepared by dissolving a mixture of lead iodide (736.5 mg, 1.60 mmol), formamidinium iodide (237.3 mg, 1.38 mmol), methylammonium iodide (9.5 mg, 0.06 mmol), and cesium iodide (15.6 mg, 0.06 mmol) in 1 ml of mixed solution of DMF and DMSO \[DMF (*v*):DMSO (*v*) = 4:1\] under mild heating condition at \~70°C to assist dissolving. The perovskite active layer was deposited using an antisolvent method, with CB as the antisolvent. The perovskite precursor solution was deposited on the freshly prepared FTO/c-TiO~2~/m-TiO~2~ substrate, and a two-step spin-coating method was applied. The first step was carried out at 1000 rpm with an acceleration rate of 200 rpm/s for 10 s. The second step followed at 5000 rpm with an acceleration rate of 2000 rpm/s for 20 s. CB (200 μl) was applied at the 10th second. After spin coating, the substrate was allowed to anneal at 110°C for 40 min. The whole procedure was done in a nitrogen-filled glovebox.

Pure 2D perovskite film was casted from a precursor solution containing a mixture of lead iodide (461 mg, 1 mmol) and FEAI (678.1 mg, 2 mmol) in 1 ml of mixed solution of DMF and DMSO \[DMF (*v*):DMSO (*v*) = 4:1\] under mild heating condition at \~70°C to assist dissolving, and no antisolvent was applied during casting of the pure 2D perovskite. The same two-step spin-coating method as that used for 3D perovskite was applied, and the resulting pale yellow film was allowed to anneal at 110°C for 10 min to yield a bright yellow film. The whole procedure was performed in a nitrogen-filled glovebox.

2D dipping treatment
--------------------

The bilayer-based 2D perovskite was fabricated by postdipping treatment of the 3D perovskite with a solution of the 2D reagent, FEAI in IPA with a concentration of 30 mM for 10 s. The residue FEAI solution was removed by spin coating, followed by annealing treatment at 120°C for 10 min. The procedure was finished in a nitrogen-filled glovebox.

Hole-transporting layer
-----------------------

Spiro-OMeTAD was selected as a hole-transporting layer (HTL) material. Spiro-OMeTAD was dissolved in CB with a concentration of 70 mM, which was doped by LiTFSI and 4-*tert*-butyl pyridine, and the molar ratios were 33 and 330%, respectively. The mixed spiro-OMeTAD solution was spin casted on the surface of the perovskite at 4000 rpm for 30 s. The acceleration was 2000 rpm/s.

Gold electrode and antireflective coating
-----------------------------------------

The gold electrode was thermally evaporated on the surface of the HTL with the shadow mask with an area of 5 mm by 5 mm. The thickness of the gold electrode was 80 nm, and the evaporation speed was adjusted to 0.01 nm/s at the first 10 nm and to 0.08 nm/s for the rest of the procedure. A thin layer of magnesium fluoride (MgF~2~) was coated on the top electrode of the cells with an E-beam evaporator under room temperature. The thickness of the MgF~2~ layer was optimized to 140 nm.

Photovoltaic performance measurements
-------------------------------------

After finishing the gold evaporation and antireflective coating, the solar cells were measured using a 300-W Xenon light source from Oriel. The spectral mismatch between AM 1.5G and the solar simulator was calibrated by a Schott K113 Tempax filter (Prazosopms Glas & Optik GmbH). A silicon photodiode was used as light intensity calibrator for each measurement. Keithley 2400 was used for the current-voltage scan by applying an external voltage bias and measuring the response current with a scan rate of 50 mV/s. The cells were masked with a black metal mask with an area of 0.16 cm^2^. IPCE was recorded with a commercial apparatus (Aekeo-Ariadne, Cicci Research s.r.l.) based on a 300-W Xenon lamp. Stability of the cells was measured under a white light-emitting diode lamp with biologic MPG2 potentiostat and was performed under open air. The device area was masked to around 0.13 cm^2^. The spectral mismatch between AM 1.5G and the solar simulator was calibrated by a Schott K113 Tempax filter, whose light intensity was calibrated with a silicon diode. The light intensity was around 83 mW cm^−2^, and the actual current was adjusted according to in-time calibration result from the silicon diode. The stability data were acquired from the MPP tracking of a nonencapsulated device exposed to open air. The relative humidity of the ambient atmosphere varies from 40 to 60%. Upon higher humidity level, a mild nitrogen flow was applied to adjust the humidity to \~40%. Relative humidity was monitored by Sigma-Aldrich Humidity/Temperature Pen 445580.

Structural characterizations
----------------------------

X-ray scattering experiments were done at beamline ID10 EH1 of the European Synchrotron Radiation Facility (ESRF) with a photon energy of 22 keV under nitrogen atmosphere. The beam size was 10 μm in the vertical direction and 120 μm in the horizontal direction. GIXD data were measured under an angle of incidence of 0.08° with a point detector. GIWAXS data were measured with a PILATUS 300 k area detector under the same angle of incidence.

SEM and XPS measurements
------------------------

XPS measurements were performed with a PHI VersaProbe II scanning XPS microprobe using a monochromatic Al Kα x-ray of 24.8-W power with a beam size of 100 μm. Core-level signals were obtained at 45° take-off angle. All peaks were calibrated using C 1s peak at 284.8 eV to correct charge shift of binding energies. Curve fitting was performed using the PHI MultiPak software. Depth profiling etching speed was calibrated using Si as standard. The top-view and cross-sectional morphologies of the films were characterized using a high-resolution scanning electron microscope (Zeiss Merlin) with an in-lens detector.

Contact angle measurement
-------------------------

The hydrophilicity of surfaces as a function of time was assessed by contact angle measurement by a drop shape analyzer (KRÜSS, DSA100) at ambient temperature.

PL, TRPL, and UV-vis measurements
---------------------------------

UV-vis absorptions were measured using a Varian Cary 500 spectrometer (Varian, USA). Steady-state PL was measured using an Edinburgh Instruments FLS920P fluorescence spectrometer, and for PL life time measurement \[time-correlated single-photon counting (TCSPC)\], a picosecond pulse diode laser (EPL-405; excitation wavelength, 405 nm; pulse width, 49 ps) was used.

Impedance measurements
----------------------

The device behavior was characterized by EIS in the dark at a frequency range of 500 kHz to 100 mHz using a Bio-Logic SP300 potentiostat and a Faraday cage. Completed devices with an FTO/blocking TiO~2~/mesoporous TiO~2~/perovskite/spiro-OMeTAD/Au architecture were used for the measurement. Devices were exposed to forward bias potentials from 0 to 1.1 V in steps of 0.05 V on which a sinusoidal perturbation of 20 mV was superimposed. ZView v.2.80 (Scribner Associates Inc.) was used to perform data analysis and equivalent circuit fitting of EIS data in Nyquist plot representation.

DFT calculations
----------------

Density functional theory (DFT) calculations were conducted with the Gaussian 16 Revision A.03 suite of programs ([@R37], [@R38]), which was carried out on the Fidis computer cluster of École Polytechnique Fédérale de Lausanne (EPFL). The geometry optimization was performed at the B3LYP/6-31G(d) level of theory.
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